The structural quality of GaSb/GaAs quantum dots (QDs) has been analyzed at atomic scale by aberration-corrected high-angle annular dark-field scanning transmission electron microscopy. In particular, we have studied the misfit dislocations that appear because of the high-lattice mismatch in the heterostructure. Our results have shown the formation of Lomer dislocations not only at the interface between the GaSb QDs and the GaAs substrate, but also at the interface with the GaAs capping layer, which is not a frequent observation. The analysis of these dislocations points to the existence of chains of dislocation loops around the QDs. The dislocation core of the observed defects has been characterized, showing that they are reconstructed Lomer dislocations, which have less distortion at the dislocation core in comparison to unreconstructed ones. Strain measurements using geometric phase analysis show that these dislocations may not fully relax the strain due to the lattice mismatch in the GaSb QDs.
GaAs, which causes the formation of structural defects such as dislocations [4, 5] . These defects are detrimental to the optoelectronic properties of the material because additional electronic states within the band gap lead to non-radiative recombination that affects the electronic and optical properties [6, 7] .
Different alternatives have been proposed in the growth of semiconductor materials with high-lattice mismatch to avoid structural defects, such as the growth of strained superlattice layers [8] or thermal annealing [9] . Special attention is given to the interfacial misfit dislocation (IMF) method [7, 10] , which has the objective of favoring Lomer dislocations in high-lattice mismatch systems to provide plastic relaxation without the appearance of threading dislocations. In order to improve the structural quality of these epitaxial nanostructures, a better understanding of the formation and characteristics of these misfit dislocations (MDs) is required.
In this work, we analyze GaSb/GaAs nanostructures by atomic-column resolution high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM), where the formation of a double Lomer dislocation network likely due to the presence of dislocation loops around the QDs has been found. The strain relaxation of the high-lattice mismatch GaSb/GaAs QDs produced by these dislocations is measured and analyzed.
Materials and methods
The sample studied consists of nanostructures of GaSb grown on a GaAs [001] substrate by molecular beam epitaxy. Initially, a GaAs buffer layer with a thickness of 250-350 nm was grown at 580°C at a growth rate of 1 ML s -1 . Subsequently, the substrate temperature was reduced to 490°C for the deposition of the GaSb with a deposition rate of 0.3 ML s -1 for 7 s, reaching a thickness of 2.1 ML. After that, the structure was capped with *10 nm of GaAs at 430°C with a growth rate of 1 ML s -1 . A conventional method was used for transmission electron microscopy specimen preparation, consisting of mechanical thinning using SiC paper and Ar ? ion milling using a precision ion polishing system. The sample was studied by HAADF-STEM using a NION UltraSTEM 200 aberration-corrected microscope working at 200 kV. Geometric phase analysis (GPA) [11] was used to investigate the local strain distribution. This method provides quantitative information about local atomic shifts in the region of interest obtained by comparison with an unstrained reference zone, in our case the GaAs substrate.
Results Figure 1 shows a HAADF-STEM image in cross section of a QD in the GaSb/GaAs specimen. In HAADF-STEM, the intensity is proportional to a power of the average atomic number Z of the atomic columns in the material; therefore, the brighter areas in the image of Fig. 1 correspond to Sb-rich regions. The shape of the nanostructures found in this sample has been confirmed analyzing the two [110] perpendicular directions in the sample, confirming that they are QDs. An intensity map obtained from the image in Fig. 1 and calculated using the qHAADF algorithm [12] is included as an inset. The methodology used to build this map consists of detecting the intensity maxima in the image and then measuring intensities integrated in a certain area at the regions of interest with regard to the maxima found. The intensity ratio (I. R.) corresponding to that in the region of interest divided by the intensity in a region taken as a reference, (in this particular case, the GaAs substrate) leads to the intensity map. As can be observed, the GaSb QD in Fig. 1 has an elongated shape. The dimensions of the QDs in this sample have been measured from the intensity maps, obtaining average diameters of 20 ± 3 nm and heights of 6.7 ± 1.3 nm. The QD in Fig. 1 contains a planar defect, which has been characterized as an intrinsic stacking fault (SF). This type of defect is not frequent in the sample. A closer look at the HAADF-STEM image in Fig. 1 shows the presence of dislocations at the GaSb/GaAs interface, marked with circles. However, it should be highlighted that dislocations have also been observed at the interface of the QDs with the GaAs capping layer, which is something significant. Frequently, MDs are created at the interface of heteroepitaxial layers with the substrate when the critical thickness is exceeded. This has been commonly observed in a wide range of systems like InGaAs/GaAs [13] , GaSb/ GaAs [14] , or ZnTe/GaAs [15] , and in active layers with different morphologies including 2D layers [16] and 3D [17, 18] nanostructures. However, the observation of MDs at the interface with the capping layer is less common. As shown for in InAs/GaSb 2D systems, the strain may be different at both interfaces [19] . With the aim of obtaining additional information, the analysis of the observed dislocations has been carried out.
In order to characterize the observed dislocations, higher resolution images have been obtained. Figure 2a shows a HAADF-STEM image of one of the dislocations found at the interface GaSb/GaAs, where an extra half-plane can be observed, meaning that it is a 60°dislocation. On the other hand, Fig. 2b shows a dislocation that is formed by two extra halfplanes, marked in the image with arrows. It is an edge (or Lomer) dislocation, which has a Burgers vector of [110] . There are two types of Lomer dislocations depending on the disposition of the atoms at their core: reconstructed and unreconstructed [7, 20] . The first one consists of five and seven unit's rings, whereas the second one consists of an eight unit's ring with a broken bond, as indicated by the black atomic positions in the schemes in Fig. 2c, d , respectively. The comparison of the detail of the dislocation in Fig. 2e with the schemes in Fig. 2c, d clearly shows that the observed dislocation can be identified as a reconstructed Lomer dislocation. All the Lomer dislocations observed in the studied sample have been characterized as reconstructed Lomer dislocations. This type of dislocation core causes less distortion of the surrounding matrix than the unreconstructed ones [7] , being a more stable configuration.
In 2D GaSb/GaAs layers, the distance between Lomer dislocations has been used to estimate the strain in the heterostructure [16, 21] . Thus, this distance has been measured from TEM images as 5.56 nm [21] . This value agrees with the theoretical value calculated for fully relaxed 2D GaSb/GaAs layers [22] . In the sample analyzed in the present work, the average distance between Lomer dislocations at the interface of the QDs with the substrate is 6.8 ± 1.5 nm. This distance is higher than the corresponding to fully relaxed 2D layers, which could suggest that the QD is strained. However, this comparison is not straightforward because of the different morphologies in 2D epitaxial layers and in 3D nanostructures. The observed semiconductor QDs have formed by the Stranski-Krastanov growth mode. In this mode, a transition between the layerby-layer deposition and a 3D nanostructure occurs when a critical thickness is reached (1.6-3 ML in GaSb/GaAs [23, 24] ), because of the strain in the epitaxial layer. The formation of dislocations is an additional process that occurs during growth (in 2D layers [25] and 3D nanostructures [26] ) in order to reduce the strain in the material. Therefore, the plastic relaxation of a heterostructure by the formation of dislocations is expected to be different depending on the morphology of the epitaxial layer, as in 3D nanostructures there is an additional mechanism of strain relaxation. For 2D layers, the distance between dislocations measured in the QDs analyzed would provide an average plastic relaxation degree of approximately 81 % of the lattice mismatch, although, as explained above, this approximation is not precise. An additional source of error stems from the fact that not all the dislocations observed are Lomer dislocations, as few 60°ones have also been found, which are less efficient in strain relaxation. In order to obtain a more accurate value of the relaxation degree in the analyzed QDs and to obtain more detailed information on the strain in the heterostructure, GPA has been applied to the obtained HAADF-STEM images.
GPA has been widely used to study the strain in different semiconductors [27, 28] including GaSb/Si 2D layers [29] or GaSb/GaAs 2D layers [30] . Figure 3 shows the strain map e xx (in the direction contained in the growth plane) of the QD in Fig. 1 . Lomer dislocations appear as blue and red lobular shapes corresponding to the strain distribution around the dislocation, the blue lobes show compressive strain fields, and the red tensile strains. The strain map shows that the dislocations at the upper interface have opposite Burger vectors to those at the bottom interface, as expected. This is deduced from the inversion in the position of the blue-red lobes associated to the dislocations. With regard to the QD, it can be seen that the strain in this nanostructure is above zero. It should be mentioned that this strain is measured with regard to the lattice parameter of the GaAs substrate and not to a relaxed GaSb material. Because of this, a fully relaxed GaSb layer would show a strain value equal to the lattice mismatch between the active layer and the substrate, as observed in GaSb/Si [29] . In this case, the lattice mismatch of the GaSb layer with the GaAs substrate is 7.8 %. A strain profile has been taken along the dotted line included in the strain map of Fig. 3a , and it is shown in Fig. 3b . This strain profile shows that the average value of strain in the QD is 6.4 ± 1.2 %. The strain variability inside the QDs is similar to that found in the substrate and, in consequence, is not significant.
The same study has been carried out for other QDs found in the specimen, obtaining an average value of strain of 6.7 ± 1.2 %. If the composition of the QDs was pure GaSb, this result would indicate that the Lomer dislocations observed do not produce a full relaxation of the lattice mismatch but a plastic relaxation of approximately 86 %, which is a value very close to that calculated previously by measuring the distance between dislocations. The strain calculated by GPA in QDs is not as precise as in 2D layers. TEM images are the projection in 2D of the 3D features of a material and thus, in high-resolution HAADF-STEM images, the projection of the atomic columns in the specimen thin foil is observed. This means that, in the region of the QDs, there is an averaging of the information related to the QDs and of that related to the material of the barrier layer located above and below the QD in the TEM specimen thin foil. Despite this, the results obtained in this work suggest that the GaSb/GaAs nanostructures are partially strained. However, it should be mentioned that the measured deviation of the lattice parameter of the QDs with regard to that corresponding to GaSb could also mean that the composition of the QDs includes some As, so they are made of GaAsSb. During the growth of semiconductor QDs, some intermixing with the elements in the barrier layers is frequently observed, as shown for InAs/GaAs [31] and GaSb/GaAs [32] . In the nanostructures studied in the present work, the results obtained from GPA are likely the result of a combination of both some As intermixing at the interfaces of the QDs and also some residual strain in the material.
Discussion
Lomer dislocations have been widely reported at the GaSb/GaAs interface both in 2D layers [20, 33] and in 3D QDs [17, 21] . These dislocations are more effective for the plastic relaxation of epitaxial systems than classical 60°ones. Also, they are advantageous for the functional properties of semiconductor heterostructures because they do not have threading segments crossing the different layers of the system. Because of this, attention has been paid to the optimization of the growth conditions in high-lattice mismatch systems such as GaSb/GaAs in order to obtain Lomer dislocation networks, in what is called the IMF method [4, 21] . In this sense, it has been observed that a high-lattice mismatch between the active layer and the substrate [34] or the high growth temperature [33, 35] benefit the IMF growth method. The IMF method is very effective for the reduction of the threading dislocation density in highly mismatched systems [33] , and it is able to produce an almost full relaxation of the lattice mismatch in 2D layers [33] .
Although Lomer dislocations have been observed previously in GaSb/GaAs heterostructures as explained above, observations of dislocations at the interface with the GaAs capping layer are not frequent. For 2D layers, early theoretical studies [36] predicted that once the critical thickness for MD formation has been exceeded, a correspondence between the position of dislocations at the upper and lower interfaces of epitaxial multilayers is expected, where these dislocations would have opposite Burger vectors, as obtained in our GPA analysis. However, epitaxial growth is a non-equilibrium process, where parameters such as the growth temperature or the flux conditions play an important role in defect formation [33, 35] , producing deviations from the theoretical predictions. On the other hand, in 3D nanostructures, the dislocations configuration is expected to be different than in 2D layers. In 2D epitaxial layers, MDs can glide along the large interface with the substrate forming long dislocation lines. However, this interface is limited in QD; therefore, these dislocations could have a different configuration.
In the literature, two publications have reported dislocations at both interfaces of 3D nanostructures, in InSb/GaSb QDs [37] and in InN/GaN QDs [38] . In both cases, the dislocations have been characterized as 60°. In Reference [37] , the authors interpret their finding as the existence of dislocation loops around the QDs that allows their plastic relaxation. In our study, the absence of threading dislocations also suggests that the dislocations observed here form dislocation loops around the QDs. The observed Lomer dislocations can be decomposed into two 60°d
islocations. These 60°dislocations in QDs can be grouped in pairs, in such a way that the dislocations in a pair are located at different interfaces but lying on the family of [111] planes and having opposite Burgers vectors. This is consistent with each of these dislocation pairs corresponding to a dislocation loop. Figure 4a shows the HAADF image of the QD analyzed in Figs. 1 and 3 , where all the 60°dislocations are marked with white squares, and dislocation pairs forming possible dislocations loops are linked with yellow lines. It seems that the relaxation of these QDs occurs through the formation of a chain of dislocation loops, with a different number depending on the QD size. This is also consistent with the observation that there are always two 60°dislocations, which are found at the outermost edge of an array. Two different configurations of these 60°dislocations have been observed, depending on the number of dislocation loops in a QD: one at the opposite end of each dislocation array (one at the upper interface and the other at the lower interface), as shown in Fig. 4a , and at the opposite ends of the same dislocations array, as shown in Fig. 4b .
Concerning the origin of the observed defects, Lomer dislocations can be formed by recombination of two 60°dislocations or by direct nucleation at the interface [27] . In Reference [37] , the 60°segments of neighboring dislocation loops are separated by a small distance, showing that each dislocation loop has formed independently. The authors noted that a difference in Burgers vector component parallel to the electron beam could prevent the recombination of these 60°dislocations into a single Lomer dislocation. In our study, if the Lomer dislocations had been formed by recombination of 60°ones, maybe a perfect recombination in every case would not be expected, finding cases where a small separation between the 60°dislocations would be observed. Since such closely paired 60°dislocations were not observed in any QD examined in this study, direct nucleation at the interface or some other cooperative mechanism seem most likely, although no corroborating evidence is available.
Conclusion
The analysis by HAADF of GaSb/GaAs QDs has shown the presence of Lomer dislocations not only at the interface of the QDs with the substrate, but also at the interface with the GaAs capping layer, which has not frequently been reported. The analysis of these dislocations indicates the existence of chains of dislocation loops around the QDs. The cores of the dislocations have been characterized from highresolution HAADF images, showing that they are reconstructed dislocations. The analysis of the strain in the heterostructure using the GPA method has shown that the observed dislocation network may not produce a full relaxation of the lattice mismatch in the GaSb QDs.
